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We hypothesized that peak values of oesophageal (Poes) and transdiaphragmatic pressure (Pdi)
swings during a maximal sniff manoeuvre and a maximal static inspiratory manoeuvre (Muller
manoeuvre) are comparable or give complementary information for assessing diaphragmatic
and global inspiratory muscle strength.
We studied 98 patients with suspected diaphragmatic dysfunction. Poes and Pdi swings were
measured during maximal sniff manoeuvres (sniff), maximal Muller manoeuvres (max), and
cervical magnetic phrenic nerve stimulation (cervical Tw).
Eighty eight patients were able to perform both volitional manoeuvres. Among them, mean
Poes sniff was significantly higher than mean Poes max (48.7 28.7 cm H2O vs. 42.9 27.4 cm
H2O, p< 0.05) and mean Pdi sniff was higher than mean Pdi max (49.2  35.1 cm H2O vs.
42.9 33.3 cm H2O, respectively, pZ 0.05). Cervical Pdi Tw correlated better with Pdi sniff
(p< 0.0001, rZ 0.62) than with Pdi max (p< 0.0001, rZ 0.44). Poes and Pdi swings were
greatest during the sniff manoeuvre in 42 patients (48%) and during the Muller manoeuvre in
29 patients (33%). Among the 17 remaining patients, nine had the greatest Poes swing during
a maximal sniff manoeuvre and the greatest Pdi swing during a maximal static inspiratory
manoeuvre; the opposite occurred in the other eight patients.Physiologie e Explorations Fonctionnelles, Hoˆpital Raymond Poincare´, 92380 Garches, France.
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1738 H. Prigent et al.The combination of Muller manoeuvre and sniff manoeuvre increased the diagnosis of
normal diaphragmatic strength from 18 patients (20%) to 21 patients (24%), and the additional
analysis of cervical Pdi Tw further increased the diagnosis of normal diaphragmatic strength to
27 patients (31%).
In conclusion, though sniff manoeuvre gave significantly higher values than Muller
manoeuvre, both volitional manoeuvres and cervical Pdi Tw are complementary and should
be used in combination to evaluate diaphragmatic muscle strength.
ª 2008 Elsevier Ltd. All rights reserved.Introduction
Measurement of nasal inspiratory pressure during the sniff
manoeuvre and of mouth maximal inspiratory pressure
during the Muller manoeuvre are two non-invasive tests
that evaluate global inspiratory muscle strength. However,
oesophageal pressure (Poes) and gastric pressure must be
measured to improve diagnostic precision.1 They allow
separating diaphragm strength, evaluated by the trans-
diaphragmatic pressure (Pdi) swing, from global inspiratory
muscle strength, evaluated by the Poes swing.2 There is
a general agreement that the Pdi swing is usually greater
and varies less from day to day during maximal sniff
manoeuvres (Pdi sniff) than during maximal static inspira-
tory manoeuvres (Pdi max).3 Similarly, sniff manoeuvres
give a higher value of global inspiratory strength than
maximal static inspiratory manoeuvres; as a matter of fact,
Poes swing during the sniff manoeuvres is significantly
higher than the mouth pressure during a maximal inspira-
tion maintained during 1 s (Muller manoeuvre).4,5 A preva-
lent hypothesis is that the sniff manoeuvre is more natural
than the maximal inspiratory static manoeuvre and there-
fore more likely to allow maximal inspiratory muscle
recruitment.6
However, values obtained during maximal sniff
manoeuvres are measured from the peak pressure, whereas
those obtained during maximal static inspiratory manoeu-
vres are the mean pressure sustained over 1 s2e5 or more,7
which includes an early pressure peak before obtaining
a lesser sustained pressure. This methodological difference
may explain why higher values are obtained during maximal
sniff manoeuvres. In agreement with this hypothesis, Wijk-
stra et al.8 found no significant difference between the Poes
sniff and peak mouth pressure during maximal static inspi-
ratory manoeuvres. In the same way, the peak Poes swing
during the Muller manoeuvres was found to be similar to the
Poes swing during the sniff manoeuvres.4,5 Since peak values
are easier to measure than plateau-pressure values and
reproducibility as well as between-subject variability are
not different between these two types of values,9 reporting
peak pressure rather than plateau pressure during maximal
static manoeuvres has been suggested.9
The aim of our study was to determine whether peak Pdi
swings and peak Poes swings, during maximal sniff manoeu-
vres and during maximal static inspiratory manoeuvres, are
comparable or, instead, supply complementary information
for assessing diaphragmatic and global inspiratory muscle
strength.Methods
Patients
Between January 2000 and December 2007, 113 consecu-
tive patients were referred to our laboratory for evaluation
of a recent increase in breathlessness and/or a clinical
suspicion of diaphragmatic dysfunction and/or unexplained
hypercapnia. The ethics committee of the ‘‘Socie´te´ de
Re´animation de Langue Franc¸aise’’ approved the study and
considered it as research on standard or usual care10 which
did not meet the criteria of Huriet’s law (the French ethic
law in effect during the time of the study). Verbal informed
consent was obtained from all study participants.
Pdi was computed as the difference between the gastric
pressure and Poes measured using a catheter-mounted
pressure transducer system (Gaeltec, Dunvegan, Isle of
Skye, UK). The catheter was inserted through the nose,
after local anaesthesia of the nasal mucosa. To ensure that
the catheter position was correct, we checked that
a negative Poes signal deflection occurred when the patient
performed sharp maximal sniff manoeuvres. The oesopha-
geal and gastric transducers were advanced into the
stomach, i.e., until a positive deflection occurred when one
of the operators applied gentle pressure over the patient’s
stomach, and the catheter was then withdrawn until
swallowing of water induced a sharp rise in the proximal
transducer pressure (due to oesophageal contraction)
without concomitant modifications in the distal transducer
pressure, indicating that the proximal transducer was in the
oesophagus and the distal transducer in the stomach. An
occlusion test was done to assess the validity of Poes
measurements.11 Then, after a 20-min rest to avoid twitch
potentiation, cervical magnetic phrenic nerve stimulation
by a 90-mm circular coil powered by a Magstim 200 stimu-
lator (Magstim Company, Whitland, UK) was used to
determine twitch transdiaphragmatic pressure (cervical Pdi
Tw),2 which is a sensitive and reliable non-volitional
measure of diaphragmatic strength.2 The patient was
seated, and the circular coil was centred on the spinous
process of the seventh cervical vertebra. The patient was
asked to bend the neck forward to facilitate contact
between the coil and the posterior surface of the neck. All
magnetic stimulations were applied at functional residual
capacity (FRC), determined by the end-expiratory Poes
level.4,7 For each patient, the mean cervical Pdi Tw was
calculated from at least five phrenic nerve stimulations at
maximal power output.
Table 1 Diagnoses (nZ 98)
Diagnosis n
Central nervous system
Cerebral palsy 2
Spinal injury with normal phrenic command 6
Spinal injury with phrenic lesion 3
Spinal amyotrophy 3
Amyotrophic lateral sclerosis 1
Poliomyelitis with kyphoscoliosis 2
Myelitis 1
Nerve
ParsonageeTurner syndrome 4
Unilateral phrenic nerve injury 4
Bilateral phrenic neuropathy with diabetes 1
GuillaineBarre´ syndrome 1
Junction
Myasthenia gravis 11
Muscle
Sniff and Muller manoeuvres 1739Maximal static inspiratory and maximal sniff manoeuvres
were performed after the cervical magnetic-twitch
measurements. These two volitional manoeuvres were
carried out in random order, starting at FRC. Maximal static
inspiratory efforts were performed using a nose-clip and
a flanged mouthpiece connected to a two-way non-
rebreathing valve (Model 2600 Medium, Hans Rudolph,
Kansas City, MO), whose inspiratory circuit was occluded
during passive expiration just before the maximal inspira-
tory effort manoeuvre. The manoeuvre was repeated at
least three times, or until two identical values of peak Poes
swing were obtained, or until three manoeuvres varied by
less than 20%.12
The maximal sniff manoeuvre was repeated between 10
and 20 times. The nostrils were not plugged. Detailed
instructions on how to perform the maximal sniff
manoeuvre were not given, as they were found unnecessary
and possibly counterproductive in an earlier study.2
All pressure signals were measured and passed through
an analogueedigital board to a computer running Acq-
Knowledge software (Biopac Systems, Santa Barbara, CA),
which provided visual feedback to improve the efficiency of
the maximal sniff manoeuvre. The signal was digitised at
100 Hz. The patients received strong verbal encouragement
in addition to the visual Poes feedback, as suggested in
a previous study.7 For each manoeuvre, the best peak
values of Poes swing (Poes sniff and Poes max) and of Pdi
swing were kept for the analysis. Best values of Poes swing
and Pdi swing between both the volitional tests were
defined as best-volitional Poes and best-volitional Pdi. The
normal cut off values of Poes sniff, Poes max and best-
volitional Poes were 55 cm H2O in men and 50 cm H2O in
women, as suggested by Steier et al. for Poes sniff.1 The
normal cut off values of Pdi sniff, Pdi max and best-voli-
tional Pdi were 100 cm H2O in men and 70 cm H2O in women
as suggested by Steier et al. for Pdi sniff.1 The normal cut
off value of cervical Pdi Tw was 22 cm H2O and was derived
using the cut off proposed by Steier et al.1 multiplied by 1.22,
the ratio of cervical Pdi Tw/bilateral phrenic nerve electric
stimulation13 considering that the values obtained with the
bilateral anterolateral stimulation used by Steier et al.1 were
very close to those obtained with optimal electric stimula-
tion.14 Additionally, paradoxical movement of the diaphragm
(Pdi swing value lower than Poes swing) was considered as an
indication of diaphragmatic dysfunction.Myotonic dystrophy 2
Acid maltase deficiency 24
Glycogenosis type III 1
Duchenne muscular dystrophy 6
Becker muscular dystrophy 1
Gamma sarcoglycanopathy 1
Idiopathic muscular dystrophy 3
Polymyositis 1
Corticosteroid-induced myopathy 1
Lupus 1
Diaphragmatic trauma 3
Diaphragmatic hernia 3
Others
Kyphoscoliosis 3
Pulmonary fibrosis 8
Pneumonia 1Statistical methods
Demographic characteristics, Poes, Pdi, and cervical Tw
values were described using mean standard deviation
(SD). Paired t-tests were used to compare the sniff and
maximal static inspiratory manoeuvres. Agreement
between the data obtained using these two manoeuvres
was evaluated using least-square linear regression tech-
niques and construction of Bland and Altman plots of the
difference between Pdi sniff and Pdi max against their
mean.15 Bias was estimated as the mean value of this
difference. Upper and lower limits of agreement were
defined as the 2.5% and 97.5% limits of the distribution of
the differences. Precision (the ability to reproduce the same
measurement) was estimated as the interval [bias SD;biasþ SD], where SD was the standard deviation of the
distribution of the difference. Values of p less than 0.05
were considered statistically significant. Statistical tests
were run using the StatView 5 package (SAS Institute,
Grenoble, France).
Results
After excluding 15 tracheostomised patients, 98 patients
(including 49 males) were eligible for performing the two
manoeuvres (Table 1). Mean age and body mass index of
these patients were 46 18 years and 23 6 kg/m2,
respectively. A phrenic lesion was suspected in 10 subjects
and was confirmed by an electromyographic evaluation of
the amplitude and latency of diaphragm compound muscle
action potential as we previously described.16
Of the 98 patients, six did not perform the sniff
manoeuvres, including two who did not perform either type
of manoeuvre; four additional patients did not perform the
maximal static inspiratory manoeuvres. Thus, data were
incomplete for 10 patients.
1740 H. Prigent et al.A cross-tabulation of low or normal results in all of the
tests is presented in Table 2.
Of the 88 patients (including 46 males) who performed
both manoeuvres, 50 exhibited abnormally low Poes swings
during both manoeuvres and 49 of them exhibited abnor-
mally low Pdi swings during both manoeuvres including 25
patients in whom paradoxical diaphragm movement was
observed during spontaneous breathing. On the other hand,
among the 38 remaining patients who had normal Poes
swings during maximal sniff manoeuvre and/or maximal
static inspiratory manoeuvre, 18 had abnormally low Pdi
swings during both manoeuvres, including eight patients
who presented paradoxical movement of the diaphragm.
This paradoxical movement of the diaphragm was also
observed in two among the 20 remaining patients with both
normal Poes swings and normal Pdi swings during at least
one volitional manoeuvre.
If only diaphragm performances are considered, 18
patients (20%) (14 females and four males) exhibited
a normal Pdi swing during sniff manoeuvre; 21 patients
(24%) (14 females and seven males) exhibited a normal Pdi
swing during maximal sniff manoeuvre and/or maximal
static inspiratory manoeuvre; and the additional analysis of
Pdi cervical Tw (only performed in 71 patients) increased
the diagnosis of normal diaphragmatic strength to 27
patients (31%).
Mean Poes sniff was higher than mean Poes max
(48.7 28.7 cm H2O vs. 42.9 27.4 cm H2O, p< 0.05) and
mean Pdi sniff was higher than mean Pdi max
(49.2 35.1 cm H2O vs. 42.9 33.3 cm H2O, respectively,
pZ 0.05).
The left panel of Fig. 1 shows the Bland and Altman plot
of the difference between Pdi sniff and Pdi max plotted
against their mean, and the right panel of Fig. 1 shows the
linear relationship between Pdi sniff and Pdi max (rZ 0.77;Table 2 Cross-tabulation of each test
Normal Low Total
Poes sniff
Normal Low Total
Poes max Normal 23 2 25
Low 13 50 63
Total 36 52 88
Pdi sniff
Normal Low Total
Pdi sniff Normal 9 3 12
Low 9 67 76
Total 18 70 88
Best-volitional Pdi
Normal Low Total
Best-volitional Poes Normal 20 18 38
Low 1 49 50
Total 21 67 88
Diaphragm motion Normal 19 34 53
Paradoxical 2 33 35
Total 21 67 88
Cervical Pdi Tw Normal 6 6 12
Low 9 50 59
Total 15 56 71p< 0.0001). The left panel of Fig. 2 shows the Bland and
Altman plot of the difference between Poes sniff and Poes
max against their mean and the right panel of Fig. 2 shows
the relationship between Poes sniff and Poes max
(rZ 0.77; p< 0.0001). The Poes swing was higher during
the maximal sniff manoeuvres in 51/88 (58%) patients and
the Pdi swing was higher during the maximal sniff
manoeuvres in 50/88 (57 %) patients.
Among the 88 patients who performed both manoeuvres,
Poes and Pdi swings were the greatest during the sniff
manoeuvre in 42 patients (48%) and during the Muller
manoeuvre in 29 patients (33%). Among the 17 remaining
patients, nine had the greatest Poes swing during a maximal
sniff manoeuvre and the greatest Pdi swing during
a maximal static inspiratory manoeuvre; the opposite
occurred in the other eight patients.
Cervical Pdi Tw was measured in 79 patients. Cervical
Pdi Tw correlated more closely with Pdi sniff (p< 0.0001,
rZ 0.62) than with Pdi max (p< 0.0001, rZ 0.44).
Fig. 3 shows the Bland and Altman plot of agreement
between Pdi/Poes sniff and Pdi/Poes max. The figure also
shows the correlation between Pdi/Poes max and Pdi/Poes
sniff, which was near the identity line (Pdi/Poes
maxZ 0.023þ 0.984 (Pdi/Poes sniff), p< 0.0001, rZ 0.77).
None of the study variables correlated with the age or
gender of the patients.Discussion
This study confirms that the maximal sniff manoeuvre
produces greater Poes and Pdi swings than the Muller
manoeuvre. The agreement between the two manoeuvres
was extremely large. The combination of Muller manoeuvre
with sniff manoeuvre increased the diagnosis of normal
diaphragmatic strength from 20% to 24%. If the results of
the non-volitional test (cervical Pdi Tw) were added to this
combination, the diagnosis of the normal diaphragmatic
strength reached 31%. Pdi Tw correlated more closely with
Pdi sniff than with Pdi max. Lastly, the Pdi/Poes ratio was
not significantly different between the two manoeuvres,
but showed an important agreement between both
manoeuvres.
For each manoeuvre, we measured peak Poes and Pdi
swings generated by the patients. Classically, during the
Muller manoeuvre, plateau pressure sustained for 1 s3 or
more7 is measured. Black and Hyatt first used plateau
measurements for determining the maximal inspiratory
mouth pressure.17,18 However, they used a simple aneroid
manometer which did not allow an accurate measurement
of a 1-s average.2 Some patients develop an early peak
mouth pressure higher than the sustained pressure.19 This
has been attributed to a rapid expansion of air in the lungs
associated with considerable muscle shortening; the
resulting rapid movement and momentum causes an
overshoot in pressure.20 Since we directly measured Poes
and Pdi swings, our measurements were less exposed to this
possible overshoot. The inability to achieve sustained
maximal effort is another and simpler hypothesis to explain
the discrepancy between early peak pressure and mean
plateau pressure. For this reason, studies on acute respi-
ratory failure in both intubated21 and non-intubated
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Figure 1 Left panel: Bland and Altman plot of the difference between Pdi sniff and Pdi max against the mean of these two
variables. Right panel: relationship between transdiaphragmatic pressures during sniff manoeuvres (Pdi sniff) and maximal static
inspiratory manoeuvres (Pdi max).
Sniff and Muller manoeuvres 1741patients22 were the first to measure maximal inspiratory
pressure as the peak pressure. Thereafter, this method was
evaluated in chronic respiratory disease8 and in healthy
subjects.8,9 In 149 healthy subjects and 34 patients with
chronic obstructive pulmonary disease, Wijkstra et al.8
noted a reasonable agreement between peak inspiratory
mouth pressure and Poes swing during sniff manoeuvre.
More recently, Windisch et al.9 compared, in 533 healthy
subjects, peak and plateau maximal inspiratory pressures
and observed that both techniques were comparably useful
when calculating regression parameters. Therefore, we
chose to measure peak pressures rather than plateau
pressures based on these results and because: (i) our
objective was to measure muscle strength independently
from the ability to sustain contraction; (ii) it was easier to
measure peak than plateau pressure; and (iii) we aimed to-120 -100 -80 -60 -40 -20 0
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Figure 2 Left panel: Bland and Altman plot of the difference betw
two variables. Right panel: relationship between oesophageal pre
inspiratory manoeuvres (Poes max).reduce differences in the carrying-out of the Muller
manoeuvre and the sniff manoeuvre. In order to further
reduce differences in the realization of both manoeuvres,
we also chose to compare them at the same starting
volume: FRC. Indeed, at FRC, the elastic forces balance
each other and are unlikely to contribute substantially to
the measurement. Although we attempted to reduce the
impact of the technique realization on the results of both
manoeuvres, differences persisted between them. The
limits of agreement were large, suggesting that patients
can usually perform one technique better than the other
and that both techniques are therefore complementary.
This result was in accordance with the results of Steier et
al.1 who recently demonstrated that a combination of tests
increased diagnosis precision and reduced the frequency of
inspiratory muscle weakness diagnosis.Po
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Figure 3 Left panel: Bland and Altman plot of the difference between Pdi sniff/Poes sniff and Pdi max/Poes max plotted against
the mean of these two variables. Right panel: relationship between the ratios of transdiaphragmatic over oesophageal pressure
during maximal sniff manoeuvres (Pdi sniff/Poes sniff) and maximal static inspiratory manoeuvres (Pdi max/Poes max) (the doted
line is the regression line).
1742 H. Prigent et al.Limitations of the study
During a simple Muller manoeuvre, a Pdi swing is generally
not a true maximum, probably because the manoeuvre is
not totally isometric: the diaphragm can shorten exten-
sively against the rib cage. To accurately measure the
maximum Pdi swing, it would be necessary to stabilise the
lower ribs and the abdomen. This would impose a combi-
nation of a near maximum expiratory manoeuvre and
a simultaneous maximum inspiratory effort against an
occluded airway.5,7 However, this technique is unnatural,
difficult to coordinate and does not allow measuring the
global contribution of the inspiratory muscles (inspiratory
muscle effect on oesophageal pressure is counterbalanced
by the expiratory muscle effect); therefore, we chose not
to use it on our population. This may explain the signifi-
cantly higher values obtained with sniff manoeuvres than
with the Muller manoeuvres. The dynamic differences
between the two manoeuvres may also account for the
differences observed in values. Sniff is generated by
a ballistic manoeuvre during which the inspiratory muscles
shorten at a higher speed and to a greater extent than
during the isometric maximal static inspiratory manoeuvre.
Based on the forceevelocity and forceelength relationships
of striated muscles, the pressure change should be lower
during maximal sniff than during maximal static inspiration,
because pressure generation decreases as the operating
length of the muscle diminishes and muscle shortening
velocity increases. However, the more natural character of
the sniff manoeuvre may explain that it generates higher
pressures than the maximal static inspiratory manoeuvre in
healthy individuals.6 Nevertheless, some patients may be
capable of adequately performing a maximal static inspi-
ratory manoeuvre. In patients with neuromuscular disor-
ders, nasal pressure during sniff and mouth pressure during
maximal static inspiration correlated with each other but
showed a relatively poor agreement.23Our study was limited to invasive tests and therefore we
did not perform in our analysis a step by step strategy,
which would have first included non-invasive evaluation of
the inspiratory muscles. Steier et al.1 recently demon-
strated that combining non-invasive volitional tests
reduced the diagnosis of inspiratory and expiratory muscle
weakness. Kabitz et al.24 assessed a non-invasive non-voli-
tional test by demonstrating that twitch mouth pressure
can reliably predict twitch oesophageal pressure when
phrenic nerve magnetic stimulation is controlled by an
inspiratory pressure trigger. Our invasive explorations were
similar to these proposed by Steier et al.1 and, likewise, we
demonstrated the interest of adding twitch trans-
diaphragmatic pressure in order to reduce the risk of false
muscle weakness diagnosis. We extended this observation
to an additional test (Pdi swing during the Muller
manoeuvre) which also reduced the risk of misdiagnosis.
We did not record diaphragmatic electromyography to
assess for supramaximality of cervical magnetic phrenic
nerve stimulation. However, it has been previously demon-
strated that supramaximality was generally obtained when
using 2.5 Tesla to stimulate the phrenic nerves25; based on
these, we assessed the relationship between this non-voli-
tional technique and the two volitional manoeuvres tested.
Interestingly, in a study with normal individuals, the
pressure response and electromyographic activity of the
diaphragm were greater with the sniff manoeuvre than with
the maximal static inspiratory manoeuvre, whereas the
Poes/Pdi ratio showed no significant evidence of change in
the relative contribution of the diaphragm compared to the
other inspiratory muscles in the sniff manoeuvre.5 Thus,
there is no proof that the maximal sniff manoeuvre induces
preferential recruitment of the diaphragm, compared to
the maximal static inspiratory manoeuvre. Our simple
comparison of Pdi/Poes during both maximal manoeuvres
extends these findings5 to a population of patients with
inspiratory muscle weakness.
Sniff and Muller manoeuvres 1743In conclusion, although the mean values obtained during
sniff manoeuvres were significantly higher than those
obtained during maximal static inspiratory manoeuvres,
both methods seemed to overestimate the level of inspi-
ratory muscle weakness, and the association of both tests
reduced the diagnosis of inspiratory muscle weakness.
Our data indicate, as previously suggested with non-
invasive global inspiratory muscle assessment,23,26 that Pdi
sniff and Pdi max (and Poes sniff and Poes max) are
complementary rather than interchangeable and should
therefore be used in combination with non-volitional tests
for a complete sequential assessment of diaphragmatic
strength in patients with suspected diaphragmatic dysfunc-
tion and/or inspiratory muscle disease.Acknowledgements
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